Objective-To quantify structural and functional characteristics of the caudal artery from spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats with particular reference to endothelium-derived hyperpolarizing factor (EDHF). Methods and Results-Ultrastructural studies showed that the number of myoendothelial gap junctions, smooth muscle cell (SMC) layers, and medial cross-sectional area were significantly greater in SHR than WKY. Intracellular dye labeling demonstrated hyperplasia of SMCs in SHR. Analysis of nerve-mediated excitatory junction potentials recorded in SMCs at the adventitial and luminal borders demonstrated decreased radial coupling of SMCs in SHR. In both SHR and WKY, in the presence of N G -nitro-L-arginine methyl ester and indomethacin, acetylcholine-elicited EDHF was abolished by charybdotoxin and apamin, while iberiotoxin had no effect, implicating the involvement of small and intermediate, but not large, calcium-activated potassium channels. EDHF was abolished by Gap-mimetic peptides, 18␤-glycyrrhetinic acid, and endothelial removal but not affected by the NO scavengers hydroxocobalamin and carboxy-PTIO. Conclusions-Significant differences in SMC morphology and homocellular and heterocellular coupling exist between the caudal artery of SHR and WKY rats. In the caudal artery of SHR, significantly greater heterocellular coupling compensates for other structural changes in the media to maintain a functional role for EDHF. 
H eterocellular and homocellular coupling of arterial smooth muscle cells (SMCs) and endothelial cells (ECs) within the walls of blood vessels plays an integral role in the coordination of vasomotor activity. 1, 2 Furthermore, the variability in vasomotor responses reported in and between different vascular beds 1 depends in part on differences in the incidence and characteristics of vascular gap junctions and their constituent connexin proteins. 2, 3 Thus, structural variation is an important determinant of functional variation within the vasculature. For example, myoendothelial gap junctions (MEGJs), which permit the electrical and chemical coupling of EC and SMC layers, are increasingly considered integral to the activity of endothelium-derived hyperpolarizing factor (EDHF), one of three important endothelium-derived vasodilatory factors. [2] [3] [4] [5] The importance of EDHF varies between different vessels and generally increases as vessel size decreases. 2 Indeed it has been shown that the prevalence of MEGJs in different segments of the mesenteric vascular bed of the rat corresponds to the participation of EDHF in vasodilatory responses previously reported in these vessels. 6, 7 Furthermore, in the femoral artery of the Wistar rat, which lacks EDHF, there are no MEGJs. 8 Interestingly, while the majority of studies have emphasized the greater importance of EDHF in smaller-sized resistance vessels, 2, 3 recent studies have demonstrated a significant role for EDHF in larger resistance arteries and in conduit vessels. 5, 9, 10 While MEGJs have been implicated in EDHF activity in smaller vessels, it is not clear whether they may be important in larger vessels which have more layers of smooth muscle cells. 1 Our preliminary studies showed that MEGJs are present in large arteries, such as the caudal artery. However, no studies have examined the role of MEGJs in EDHF function in such larger vessels, nor have they correlated the incidence of MEGJs with changes in EDHF, which might occur during hypertension.
In hypertension, remodeling of the vascular wall accompanies changes in blood pressure. This remodeling typically comprises a decrease in luminal diameter and, frequently, an increase in medial thickness. 11 The underlying basis for the change in the media is heterogeneous, being variously attrib-uted to hypertrophy, hyperplasia, or rearrangement of SMCs. 12, 13 Nothing is known, however, about cellular coupling in the media of hypertensive vessels following vascular remodeling, nor whether other anatomical changes may occur during hypertension to modify the functional coupling in and between the two cell layers.
A number of vascular diseases, including hypertension, are characterized by endothelial dysfunction whereby alterations in the production and action of endothelium-derived vasodilatory substances, such as NO, prostaglandins, and EDHF occur. 3, 5 To date, the only studies to examine the hyperpolarization associated with EDHF have been in the mesenteric arteries of spontaneously hypertensive rats (SHR) 14 and stroke-prone SHR, 15 where EDHF is reduced. Clearly, increases in the number of SMCs in the media of hypertensive vessels could have an impact on the ability of an endothelial-derived factor like EDHF to hyperpolarize the smooth muscle. Furthermore, while the incidence of cytoplasmic projections of ECs toward SMCs has been shown to increase in steroid and ligation-induced hypertension, 16, 17 no studies have determined the incidence of pentalaminar MEGJs and correlated these with the activity of EDHF in hypertension.
In the present study, we have quantified the structural and functional differences between the caudal artery of the hypertensive SHR and normotensive Wistar Kyoto (WKY) rats with particular reference to the role of EDHF. We hypothesized that the incidence of MEGJs would reflect the importance of EDHF as a vasodilatory factor in normotensive rats and that the incidence of MEGJs would be altered in the caudal artery of the SHR in line with changes in the relative contribution of EDHF as a vasodilatory factor in hypertension.
Methods
For detailed methods, please see http://atvb.ahajournals.org.
Results

Blood Pressure Recordings
Systolic blood pressure of SHR was significantly greater than that of WKY animals (PϽ0.05; 188Ϯ6.4 and 121Ϯ2.6 mm Hg, nϭ10, for SHR and WKY, respectively).
Arterial and Smooth Muscle Cell Morphology
The number of layers of SMCs and the medial cross sectional area was significantly larger in SHR than in WKY, while the circumference as measured at the level of the internal elastic lamina (IEL) was significantly smaller (PϽ0.05; Table 1 ).
Following morphometric analysis of intracellular dye labeling with fluorescein-conjugated dextran, the surface areas Figure 1 ; compare 1B with 1D; for SHR and WKY, respectively).
With lucifer yellow, dye was commonly seen to spread among adjacent SMCs in arteries from both SHR and WKY ( Figure 1 , compare 1A with 1C, 1E, and 1F; for SHR and WKY, respectively). This spread of dye was in the radial direction between cells, rather than between cells along the length of the vessel ( Figure 1A , 1C, 1E, and 1F) and occurred irrespective of whether electrodes were backfilled with KCl or LiCl. In all cases, the impaled cell lay superficial to the other labeled cells. That is, closer to the adventitial border when impaled from the outside or closer to the lumen, when impaled from the luminal surface. Endothelial cells were never labeled after impalements of SMCs at either the adventitial or luminal border. No dye was observed to spread when electrodes were filled with fluorescein-conjugated dextran.
At the ultrastructural level, very small gap junctions (Յ100 nm in profile), which usually appeared in only one serial section ( Figure IA and IB, available at http://atvb.ahajournals.org), were found between SMCs. Such junctions were found between adjacent processes from two SMCs ( Figure IA ,B, online data supplement). On the other hand, large gap junctions (Ն300 nm in profile), which appeared in several or more consecutive sections, were readily found between adjacent ECs ( Figure IC , online data supplement).
Electrical Coupling of Smooth Muscle Cells
Resting membrane potential of SMCs did not differ significantly between SHR and WKY (PϾ0.05; Ϫ59Ϯ1 mV, nϭ19, from 7 different animals for SHR and Ϫ59Ϯ1 mV, nϭ23 from 7 different animals for WKY). Stimulation of nerves located at the adventitial border of the media evoked excitatory junction potentials (EJPs), which were significantly larger in the SMCs at the adventitial border of the vessels from SHR, than those recorded in SMCs at the adventitial border in the WKY (PϽ0.05; Figure 2 ; Table 2 ), although there was no significant difference in the time constants of these potentials in the two rat strains (PϾ0.05; 239Ϯ15 ms for SHR and 278Ϯ18 ms for WKY). Repetitive stimulation (2 to 10 impulses at 10 Hz) produced summation of EJPs and contraction. In some cases, muscle action potentials were recorded; their incidence was not different between the SHR and WKY.
Intracellular recordings were made from cells at the luminal border of vessels from both SHR and WKY and these cells were identified as SMCs by dye labeling ( Figure 1E ). Stimulation of nerves at the adventitial border evoked EJPs in these luminal SMCs due to electrical coupling of SMCs in the media. There were no differences in the properties of these EJPs when recorded from the SHR or WKY (PϾ0.05; Table  2 ). In arteries of both SHR and WKY, there was a significant increase in rise time of EJPs recorded from cells on the luminal compared with the adventitial border (PϽ0.05; Table  2 ). In SHR, there was a significant decrease in the amplitude of the EJPs recorded from SMCs located at the adventitial and luminal borders. On the other hand, in WKY, there was no significant difference in the amplitude of EJPs recorded from SMCs located at the adventitial and luminal borders. In both SHR and WKY arteries, EJPs were followed by small, slow membrane depolarizations, as reported previously. 18 
Incidence of MEGJs
There were significantly more MEGJs in the SHR compared with WKY (PϽ0.05; Table 1 ). Two types of MEGJs were found: those between projections of ECs and SMCs ( Figure  3A -C) and those between the projections of ECs and the surface of SMCs ( Figure 3D-F) . Of the total of 32 MEGJs found in both SHR and WKY, 59% were found on projections of both ECs and SMCs, while the remainder were found on projections originating from ECs only. No differences in the proportion of these two types of MEGJ were found between SHR and WKY.
The proximity of MEGJs and gap junctions between ECs was examined in SHR and WKY. In both cases, MEGJs were EJPs were evoked by a single supramaximal stimulus (100 mA, 0.1 ms; arrow). In SHR, EJPs recorded from the adventitial border (A, a) were larger in amplitude and had a faster rise time than those recorded from the luminal border (A, b). The amplitude of EJPs evoked in SHR were larger than those recorded from WKY rats. There was no difference in the amplitude of EJPs recorded from the adventitial border (B, a) compared with the luminal border (B, b) in WKY rats. However, the rise times of EJPs recorded from the adventitial border were faster than those recorded from the luminal border. All recordings were made in the presence of L-NAME (100 mol/L) and indomethacin (10 mol/L). The resting membrane potential in traces A and B were Ϫ57 mV and Ϫ60 mV, respectively. Figure  3D through 3F, for example). The longitudinal distance over which MEGJs with single plaques were seen in vessels from SHR and WKY was determined by comparing the number of transverse sections in which each plaque appeared. The number of sections in which individual plaques appeared was not significantly different between SHR and WKY (PϾ0.05; 3.4Ϯ0.52 sections, nϭ15 for SHR and 3.4Ϯ0.48 sections, nϭ11, for WKY). The width of single plaques was measured from high-magnification micrographs and found not to differ between SHR and WKY (PϾ0.05; 135Ϯ16 nm, nϭ15 for SHR and 125Ϯ18 nm, nϭ11 for WKY). The MEGJs with multiple plaques were found in more sections than MEGJs with single plaques (6.3Ϯ0.6, nϭ4 for SHR, and 4 for the single MEGJ in WKY). The remaining MEGJ in the SHR series was found at the end of a series and therefore was not included in the present analysis, as the pentalaminar region may have continued outside the 50 sections examined.
EDHF Activity in Caudal Arteries
In the presence of L-NAME and indomethacin, ACh produced a concentration-dependent relaxation in caudal arteries from both SHR and WKY, which was not significantly different between the two strains (nϭ5 and 6, respectively; Figure 4A ). The combined addition of charybdotoxin and apamin abolished the EDHF relaxation in both SHR and WKY (nϭ4, for each) and uncovered a contraction that was not significantly different between the two strains. 18␤-Glycyrrhetinic acid significantly reduced the EDHF relaxation in SHR by 63% (remaining vasodilation was 10Ϯ4.6% of phenylephrine-induced constriction, nϭ4) and by 100% in the WKY (nϭ3). Recirculation of Krebs' solution containing the Gap-mimetic peptide combination ( 43 Gap26, 40 Gap27, and 37,43 Gap27), L-NAME, and indomethacin, however, significantly reduced the EDHF relaxation by 95.8Ϯ4.3% in the SHR and by 79.3Ϯ9.4% in the WKY (remaining vasodilation was 1.8Ϯ1.8% and 7Ϯ3% of phenylephrine-induced constriction, nϭ4 for each; Figure II , available at http://atvb. ahajournals.org). Control data showed that the EDHF relaxation (31.8Ϯ3.6%, nϭ7) was not altered after 60 minutes of recirculation of the Krebs' solution (109.4Ϯ7.2%, nϭ7, of the initial response to ACh). In the presence of indomethacin and the Gap-mimetic peptide combination, but in the absence of L-NAME, ACh did elicit a relaxation (82.4Ϯ4.4%; nϭ5, WKY data only; Figure II , available at http://atvb.ahajournals. org), that was abolished by subsequent incubation in L-NAME 
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Arterial Structure, Function, and EDHF(nϭ4; Figure II ). In the presence of L-NAME and indomethacin and in the additional presence of hydroxocobalamin (nϭ5, for each) or carboxy-PTIO (nϭ3, for each), the EDHF relaxation was unchanged (SHR, 51.7Ϯ7.9% and 26.8Ϯ4.9%; WKY, 38.2Ϯ9.6% and 34.5Ϯ5.2% for hydroxocobalamin and carboxy-PTIO, respectively, for SHR and WKY, respectively). The subsequent addition of charybdotoxin and apamin abolished the EDHF relaxation in both SHR and WKY (nϭ3, for each) and uncovered a contraction that was not significantly different between the two strains. ACh produced concentration-dependent hyperpolarizations in adventitial SMCs of arteries from both SHR and WKY in the presence of L-NAME and indomethacin, although the maximal response was 28% less in the SHR than in the WKY (PϽ0.05, SHR: Ϫ13 mV, WKY: Ϫ18 mV; Figure 4B ). L-NAME had no effect on resting membrane potential in either strain, although membrane potentials were depolarized by 5 to 10 mV in the presence of indomethacin. Differences in the maximum response were not due to desensitization following the cumulative addition of ACh, because application of single concentrations of ACh produced similar data.
In both SHR and WKY, the addition of charybdotoxin (60 nmol/L) and apamin (0.5 mol/L; nϭ8, for each) prevented the hyperpolarization following application of ACh. However, in all 8 SHR animals and in 4 of 8 WKY animals, ACh now produced a depolarization (7Ϯ1 mV hyperpolarization and 3Ϯ1 mV depolarization, 10Ϯ2 mV hyperpolarization and 2Ϯ1 mV depolarization, before and after addition of drug, respectively, for SHR and WKY, Figure 4Cb) . Removal of the endothelium abolished both the hyperpolarization and the depolarization in SHR and WKY (nϭ3, for each). In both SHR and WKY, iberiotoxin (100 nmol/L) had no effect on the hyperpolarization induced by ACh (4Ϯ2 mV and 4Ϯ1 mV; 13Ϯ3 mV and 13Ϯ4 mV; before and after addition of drug, respectively, for SHR and WKY, respectively; nϭ3, for each, Figure 4D ), while the addition 18␤-glycyrrhetinic acid (20 mol/L) abolished the hyperpolarization to ACh (5Ϯ1 mV and 0Ϯ0 mV; 12Ϯ2 mV and 0Ϯ0 mV; before and after addition of drug, respectively, for SHR and WKY, respectively, in both SHR and WKY; nϭ3, for each). In the presence of L-NAME and indomethacin, the addition of hydroxocobalamin (100 mol/L), had no effect on the hyperpolarization elicited by ACh (8Ϯ1 mV and 8Ϯ2 mV and 9Ϯ2 mV and 8Ϯ3 mV, before and after addition of hydroxocobalamin, for SHR and WKY, respectively).
Discussion
Significant differences have been found in the present study between the media of the caudal artery of hypertensive SHR and normotensive WKY rats. We found a significantly larger medial cross-sectional area in SHR due to an additional two layers of SMCs. In contrast to the concept that eutrophic remodeling predominates in arteries of SHR, the present study demonstrates that hypertrophic remodeling occurs in the caudal artery of the SHR, consistent with the concept that the type of remodeling may vary according to the model examined and the vascular bed under investigation. 11 Furthermore, our intracellular dye labeling studies have shed light on the basis for the hypertrophic remodeling seen in the caudal artery of the SHR. We have found that SMCs in SHR were not significantly different in size, although they varied in shape from those in WKY. Given the increased number of SMC layers and medial area in the SHR, these results suggest that hypertrophy in the caudal artery results from hyperplasia of SMCs. Since previous studies in other vessels of SHR have variously described both SMC hypertrophy 12 and hyperplasia, 13 we conclude that considerable heterogeneity also exists in the basis for the hypertrophic remodeling in different vascular beds, even within the same model of hypertension.
Our data demonstrate clearly that electrical and chemical coupling occurs between SMCs in the media of the caudal artery in both SHR and WKY rats. Dye transfer is seen within groups of SMCs and pentalaminar gap junctions are present between cells in adjacent layers of the media. However, our electrophysiological studies suggest that electrical coupling is reduced between SMCs in SHR compared with WKY. In WKY rats, differences in the time course of neurally evoked EJPs were observed between SMCs, near the sites of neurotransmitter release at the adventitial border, and at the luminal border, several cells away from these sites. However the amplitude of EJPs was not significantly attenuated, consistent with the properties of an electrically short cable. 19 Previous studies in the caudal artery of Wistar rats did show a significant decrease in amplitude of EJPs in luminal versus adventitial cells, 18 although the reason for this discrepancy is not known. In contrast to the data from WKY rats, we found a significant attenuation of the amplitude, in addition to slowing of the time course, of neurally evoked EJPs in the SMCs on the luminal border compared with the adventitial border in SHR. The observed 25% increase in the number of SMC layers in the caudal artery of SHR would result in an increase in the conduction distance for EJPs from the adventitial to the luminal border. However, the changes seen in the properties of EJPs between the adventitia and lumen were larger than would be expected solely from the increase in the number of SMC layers in the wall of the SHR, suggesting that coupling between SMCs in SHR has been reduced. Despite the attenuation in the amplitude of EJPs in SHR, there was no difference in the properties of EJPs recorded in the luminal SMCs in SHR compared with WKY. This occurred because the EJPs in adventitial SMCs of SHR were significantly larger and faster than those in WKY, in accord with previous studies in mesenteric arteries from SHR and WKY rats. 20 These differences presumably relate to the approximate doubling in the density of the sympathetic innervation found in the caudal artery of SHR compared with WKY. 21 In general, the role of EDHF is recognized to be more important in smaller resistance vessels, while NO is more important in larger vessels. 2, 3, 7 Interestingly, however, in the present study we have described a significant EDHFmediated hyperpolarization and relaxation in a large resistance artery 22 of both hypertensive and normotensive rats. We found that the maximum hyperpolarizing response to ACh in SHR was only 28% less than that in WKY. This appeared to be due to the presence of an ACh-induced depolarization and contraction in this strain. On the other hand, EDHF induced similar-sized relaxations in the two strains. After blockade of EDHF in WKY, an ACh-induced contraction was also found, although this did not appear to result from depolarization like that in SHR. We confirmed that the hyperpolarizations and relaxations in both SHR and WKY were due to EDHF by demonstrating their abolition after application of charybdotoxin and apamin, universally accepted blockers of EDHFmediated responses 2, 4, 23 or by removal of the endothelium. The lack of effect of iberiotoxin on the hyperpolarization indicated that it did not result from the opening of large conductance calcium-activated potassium channels which have been shown to be activated by epoxyeicosatrienoic acid, a putative EDHF candidate. [2] [3] [4] [5] The involvement of intercellular gap junctions in the EDHF response was confirmed by the abolition of the hyperpolarization in both strains and the marked attenuation and abolition of the relaxation in the SHR and WKY, respectively, by 18␤-glycyrrhetinic acid. The involvement of intercellular gap junctions in the EDHF response was further confirmed by inhibition of the relaxation in both strains by Gap-mimetic peptides. 8 -10 These latter peptides had no effect on ACh-induced relaxation due to NO. Recent studies 24 have demonstrated that endotheliumdependent relaxation attributed to EDHF, may in part be due to L-NAME-insensitive (non-NO synthase) basal NO. However, the relaxation due to this latter component, as with EDHF, varies between vascular beds, 25 being absent in the femoral artery of the mature Wistar rat, 8 for example. We found no evidence for such an L-NAME insensitive NO component following the use of the two different NO scavengers.
In the caudal artery of both SHR and WKY, MEGJs were found connecting the endothelium and smooth muscle. Serial section electron microscopy showed that the incidence of MEGJs was significantly greater in SHR than in WKY, without an apparent difference in the morphology or size of the plaques. This greater degree of heterocellular coupling in the SHR may serve to offset the observed changes in the number of SMCs and their coupling in the media of the caudal artery of these rats, thus maintaining EDHF-mediated relaxation.
Implicit in discussions of cell coupling and blood vessel function is that SMCs are equally well coupled throughout the media, in both the radial and longitudinal directions. 1 Contrary to this view, our results suggest that the coupling of SMCs in the radial direction is different from the longitudinal coupling of SMCs in both SHR and WKY. Intracellular injection of lucifer yellow into SMCs at the adventitial or luminal borders, spread into adjacent cells in a radial, but not longitudinal direction. These data are consistent with previous studies in which lucifer yellow did not spread in a longitudinal direction between SMCs in arterioles containing only a single layer of medial SMCs. 26, 27 While dye coupling indicates that electrical coupling can occur, a lack of electrical coupling cannot be inferred from a lack of dye coupling. 1, 2, 28 Thus, in the present study, the selective movement of lucifer yellow in the radial axis of the caudal artery in both SHR and WKY suggests that there may be interesting differences in the connexin makeup of the gap junctions involved in radial compared with longitudinal cell coupling and hence an asymmetry in the communication pathways within the media.
In conclusion, we have shown that significant anatomical and functional differences are found in the caudal artery of SHR and WKY rats. In the SHR, these differences are characterized by hyperplasia of SMCs and a reduction in SMC coupling, but an increased incidence of MEGJs which provide the potential for increased heterocellular coupling between the two cellular layers. Physiologically, these structural changes result in the maintenance of EDHF activity, which is shown to be dependent on intercellular coupling via gap junctions.
